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HETEROGENEOUS LIQUID-PHASE CRVSTALHSATION OF DIAMOND 
Field of iBveotiojDi 

Application of synthetic diamonds (SD) in the modem material production sector has 
become extremely extensive. Actually, synthetic diamonds are now being utilised in all 
production industries. Now, SD are most widely used in mechanical engineering [1]: 
diamond-abrasive machining of cutting tools; 
diamond-abrasive grinding of metal surfaces; 
diamond honing; 

diamond-abrasive machining of brittle non-metallic materials; 
machining of wood materials, plastics, and rubber; 
utihsation of SD-based tools in well-drilling; 

finishing of cemented^axbide and high-speed tools at all the tool-making production facilities. 

Diamonds find extremely wide application in electronics. Thus, the development of 
diamond computer chips (Sumitomo Electric Co.), commercial production of heat sinks (same 
company), aiid acoustic membranes based on diamond fihns (Sony Corporation) has been 
reported in USA and Japan [2]. 

At present, diamond-based devices such as bipolar transistors, Schottky-bairier diodes, 
point-contact and field transistors have been developed. Of the highest practical interest are 
permeable-base microwave transistors. Microwave transistors feature a high power rating of up 
to 20 W at 30 QBz frequency, which is an order higher that the power of the most advanced 
devices of this type. Diamond, having a record value of heat conductivity, may result in a real 
revolution in the tecbaology of substrates for large-scale and super large-scale chips [2]. 

It has to be noted that in the SD semiconductor technology only two or three alloying 
admixtures introduced in the course of crystal growth have been mastered, while natural 
diamonds contain 50 various alloyjjig admixtures and defects in a number of combinations. 

Background of the Invention 

Modem methods of diamond synthesis can be classified as follows [1]: 
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1. Synthesis carried out under high static pressure; 

2. Synthesis under high loading; 

3. Heterogeneous crystallisation from the liquid phase; 

4. Laser synthesis; 

5. Plasma synthesis. 



One of the known-in-the-art analogues of the proposed invention comprises a method of 
heterogeneous gaseous-phase crystallisation of diamond, disclosed in [4], 

In heterogeneous niicleation, one may discriminate two possible sources of atoms that 
foim a critical nucleus, and those joining the growing stage. Carbon atoms (incorporated either 
in molecule or in radical) may join either directly from the gaseous phase (direct impact 
reaction, Riedel mechanism), or from adsorbed two-dimensional gas, due to the surface 
migration (Langmuir mechanism), 

Let us now consider a two-component system, e.g. methane-hydrogen. The following 
symbols will be used; 

P 9 

I " partial pressures of methane and hydrogen. 

^I^'^r - extents of surface filling with adsorbed methane (or methyl radical) and 
hydrogen. Then the growth rat^s of graphite, limited by the nucleation rate, will be determined as 



-9^^ 9,^. J, (2.1) 
where Jx^ the flow of methane molecules per unit surface. Here, the first addend coixegponds to 
the nucleation from the two-dimensional adsorbed layer, while the second addend corresponds to 
the process of critical nucleus formation in compUance with the direct impact mechanism. 
In case of applicability of Langmuir isotherms for a two-component system, 

14 '^^/r^ ■'^fi^ 
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where h, and b, are methane and hydrogen adsoiption constants; Xg, and are reaction rate 
constants that mainly depend upon temperature. In case of graphite growth on certain metals, the 
rate of its growth can be made substantially higher. Metal caibides (e.g. Ni carbides) may serve 
as finished critical nuclei. Another wtample of the elevated growth rate of graphite comprises 
formation of filaitxentary crystals. Here, basis planes are oriented along the direction of growth, 
thereby providing a high rat© as well as outstanding tensile strengdi value. 

The studies of diamond growth kinetics have been mainly carried out on fine diamond 
powders. Each particle of such powder comprises an imperfect crystal having high density of 
fractures and chips, i,e. fmished growth steps. In addition, at the diamond edge (100) one atom 
already comprises a nucleus, and the work of formation is equal to zero. 

Analysis of experimental data pemiits to assume the following mechanism of diamond 
growth. The diamond is growing either on those sites of a diamond substrate that are free from 
chemisorbed methane and hydrogen, or through the chemisorbed hydrogen, i.e. 



(2.3) 



where 6 is the extent of surface filling; / is the flow of hydrogen, When using Langmuir 
adsorption. 



whore K„, and K^^ are the reaction rale constants on a clean surface and on a surface covered 
with chemisorbed hydrogen, respectively. It should be bom in mind that adsorption constants in 
formula (1.4) relate to the diamond surface. As can be seen from this formula, under certain 
conditions the diamond growth rate will increase with the elevation of the partial pressure of 
gaseous hydrogen. 

Joint analysis of equations (1.2) and (1.4) demonstrates the possibility of such process 
where the diamond growth rate will exceed the graphite growth rate to such extent thai the latter 
could be considered as an admixture that can be overgrown with a diamond. 
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The proposed mechanism of growth permits to assume that graphite is growing through 
methyl radicals, while a diamond, at least partially, through metastable radicals. 

Isobaric-and-isothermal potential of diamond exceeds that of graphite within the area of 
theraiodynamic stability of the latter. Therefore, partial equilibrium pressures of carbon- 
containing gases above diamond is higher than above graphite. Calculations demonstrate that the 
equilibrium pressure of methane above diamond at temperatures exceeding 1000 is 2 times 
higher than above graphite. Consequently, at a given partial pressure of methane, supersaturation 
above diamond is always lower than above graphite. Depending on a temperature and total 
pressure, relative difference between supersaturation values above diamond and graphite will 
vary. Therefore, the ratio between diamond and graphite nucleation rates will also vary. 

From the kinetics standpoint, the behaviour of diamond is much more inert to gases than 
graphite, which fact relates to their structural feahires. It is well known that chemical bonds 
within the diamond lattice are of SP^ type of hybridisation, while for graphite they are of SP^ 
type. The energy of a single SP^ bond amounts to 348 J/raole, while the energy of a single SP' 
bond is 607 J/moW which far less than the total of single bonds energies. Substitution of two 
adjacent carbon atoms in the diamond lattice for hydrogen does not cause practical change of the 
nature of electron interactions, while similar operation carried out with carbon atoms in the 
graphite lattice modifies the nature of electron couplings throughout the whole carbon ring. 

Likewise, differem types of diamond and graphite interaction with atomic hydrogen may 
be likened to a difference between hydrogenation reactions of ethane and acetylene, or 
cyclohexane and benzene. This phenomenon serves the basis for diamond separation from 
graphite. Tlius, during boiling in chloric acid (boiUng point of 203 "C), atomic oxygen released 
during acid decomposition results in gasification of graphite, without any practical interaction 
with diamond. 

Approximate diamond and graphite growth rates cm be written down in the following 



form 



(2.5) 



where C, is the concentration of carbon; Kp, are the reaction rate constants. 

If the medium contains atomic hydrogen whose concentration substantiaUy exceeds the 
equilibrium concentration at a given temperature, the rates of reversible reaction s of gasification 
can be written down as follows: 
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(2.6) 



where Cz is Uie concentration of atomic hydrogen; Kpj arc the constants of atomic hydrogen 
gasification reaction rates, A prerequisite of the lack of hydrogen release in other-than-diamond 
form will consist in 



^ d. ' ^ ' (2.7) 



from which fonnula it would be easy to identify the critical concentration of atomic hydrogen 

under a given partial pressure of hydrocarbon. 

The total gro^^th rate of diamond comprises a difference beuveen the rates of direct and 
reverse xeactions 

(2.9) 

By substituting critical values of atomic hydrogen, it is easy to obtain the value of 
diamond growth rate without graphite release. 



To provide carbon crystallisation in the fomi of diamond, the following condition has to 

be met: 



;f^^-<--1. (2.11) 

^ 9^ ^ n 
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The above calculation has been made without due account for the effect of molecular 
hydrogen on the process of crystaUisation of diamond and graphite. In the latter case, the 
resulting formulas are very bulky and do not provide any completely new information. Kinetic 
features of diamond and graphite growth are involved in abnoimal effects consisting in 
fractionation of "C and "C stable carbon isotopes. It has been found that during diamond 
growth, the latter absorbs a substantial portion of heavier carbon isotopes, while graphite 
"prefers" lighter ones. The effect of different ftactionation of carbon isotopes may be explained 
if we assume that graphite is growing from H3 radicals, while during the growth of diamond H5 
complexes are formed. In this case, separation factors for diamond and graphite will have 
opposite signs. As a result, diamond turns out to be "hsavier* than graphite, This effect of 
structural fractionation of isotopes has a purely kinetic nature. 

Separation factor of isotopes, obtained in the tests, is several orders higher than the 
thermodynamic effect of fractionation 

The properties of diamond powders grown from gaseous phase may be somewhat 
different from those of starting ones. Thus, their strengtli can be increased through healing of 
cracks and defects. Also possible is grafting of various fimctional groups to the diamond surface, 
A substantial scientific and practical achievement comprises development of processes 
for producing diamond-like films from atom and ion beams. 

In the course of growth of diamond-like films from atom and ion beams, carbon atoms 
(or complexes consisting of several atoms) do not immediately lose their mobility. Only after 
some time they get "built into" the lattice, thereby forming diamond and graphite lypes of bonds 
with other atoms. In this type of experiments, the subsU-ate is generally cooled down to the liquid 
nitrogen temperature. Therefore, the authors conditionally discriminate a surface layer where 
formation of the nuclei of a new pha,se takes place, following which the particles of this new 
phase directly transfer to the solid phase. 

The above-disclosed adsorption method of diamond crystallisation from gaseous phase 
onto various substrates (such as diamond, metal, diclecfric) has not found commercial 
application since it does not open the way to applied technology in the production of synthetic 
diamonds. 

Longstanding experimental science that has been trying to implement this concept has 
not yet achieved a required stage of development that would allow to unambiguously specify the 
criteria of production technology of diamond synthesis from gaseous phase, vnth the use of 
various methods; 
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tbennal decomposition of various hydrocarbons in tbc presence or in the atmosphere of various 
gases (hydrogen, argon, helium, and other diluent gases); plasmacheraical metJiods of 
precipitating hydrocarbon plasma onto various substrates. 

Among numerous methods implementing heterogeneous mechanism of SD synthesis 
from gaseous phase, it is in^jossible to give preference to any one of them with the aim of 
practical implementation. Despite availability of a great number of tests and sufficient 
theoretical justification of this concept, for the time being it is impossible to unambiguously 
identify the way to SD commercial production. Experimentally produced crystals are very small 
(about 50 fira), and diamond epitaxial films are generally polycrystalline, with numerous defects, 
and containing graphite and various carbon modifications. Moreover, upon attainment of a 
certain thickness (O.l ^im) of fikns grown on various substrates, epitaxial growth ceases at all. 

At preset, production of synthetic diamonds (SD) is carried out with the use of 
hydrostatic compaction method [3, 5] in the presence of metallic catalysts (Fe, Co, Ni, Mn etc.). 
The whole range of thereby produced SD is generally used for machining various materials with 
diamond tools, bi such industries as radioelectronics and optics, SD are not used because of their 
poor properties or lack of required properties. The lack of adequate characteristics constitutes the 
result of the method of synthesis utilised. 

The proposed invention provides total compliance with commercial production 
requiremems to SD. Moreover, the inventive method of diamond ciystaUisation permits 
production of diamonds having predetermined propeities, which cannot be offered by any of the 
known diamond ciystaUisation methods. 



Substantial differences of the proposed invention from the prototype 

"So far, in spite of substantial efforts by numerous scientists who have investigated 
various diamond deposits in Aftica, Asia, and Australia, no universally recognised theoiy of 
diamonds formation has appeared" [1, p,32]. 

Analysis of natural sources of diamonds, kimberlites, and conditions of their bedding 
reveals one typical feature that is inherent in absolutely all kimberhte pipes: 

the rock containing kimberlite pipes is generally represented by sandstone, shale, 

quartzite, haUite, and carbonate rock [6, 7]; 

all these types of rock are to some extent impregnated with bitumen [9, 16) 

These are m^or criteria indicating diamond-bearing properties of kimberlites. However. 

there are no rules without exclusions. Known are numerous exclusions &om this rule as well. 

Thus, a considerable number of kimberlite pipes, e.g. in the Yakut region, do not contain 
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diamonds at all; instead they are completely graphitized (Botogol massif [29]). Analysis of this 
kimberlite demonstrates that this kimberlite is highly alkaline, and the process of catalytic 
dehydrogenation does not proceed in the presence of alkaline catalysts. The fact is generally 
recognised [17, 30], 

Based on these facts and tlieir analysis, the authors have airived at the following 
conclusion: a source of cai*bon required for crystallisation of diamond is represented by the 
natural bitumen, and a prerequisite for heterogeneous crystallisation consists in the presence of 
bitxuninous rock, i.e. the rock containing kimberUte magma. Kimberlite magma comprises 
nothing but a source of heat required for the process of heterogeneous crystallisation of 
diamonds. 

Generic theory of crystallisation disclosed in [8, p.57] asserts the following. "The growth 
of crystals proceeds in two stages. Stage one presumes fonnation of microscopic nuclei. Stage 
two consists in subsequent growth of such nuclei up to fonnation of certain faces, finally 
resulting in the formation of a crystal with its habitus. Crystal size and packing of atoms 
tbcrewithin are governed by the nature of this crystal and its growing conditions. 

Let us now consider conditions of formation of crystal nuclei (phase 2) from 
homogeneous phase 1, e.g. firom vigour, melt, or solution. 

Free energy of a supersaturated solution may decrease as a result of solid phase 
precipitation. Nevertheless, such liquids are remarkably stable since the solid phase may form 
only in the case of a decrease in the total energy of a system. Provided that a vaiiation of the free 
energy during transition between solid and liquid phases is Gy, then the free energy of a system 
decreases by this magnitude for each unit volume of a foimed solid body, while increasing by a 
magnitude equal to the energy of interface, cr^, for each unit area of the fonned solid body- 
liquid surface. 

With homogeneous nucleation, a variation of the free energy is given by the formula; 
where V is the volume of a nucleus having face area A, , and 

t^G^^ T-LnCS. ).. ., 

C 9 



(3.2) 
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here, a is the number of ions fonned from one molecule; R is the gas constant; T is the solution 
temperature; C is the concenUation at T; Q is the concentration at T^. 

The behaviour of a newly formed cr^-stalline-lattice structure in the supersaturated 
environment depends on the size of this structure. It can either grow or get dissolved; here, the 
process must result in a decrease of its free energy. Variations of free energy, volume energy, 
and free energy of nucleation, AG , for spherical nuclei having radius r are expressed by the 
following formula: 

* (3.3) 



and illustrated in Fig. 1 . 

Minimal size of stable nuclei of critical size is determined by differentiating the equation 
(3.3) by r, i.e. 



and, by equating to zero, we will find the critical radius of a nucleus : 

ar 

A (5 ^ (3 5) 

Relevant critical free energy is 

3. A ^ * (3.6) 
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Dependence of AG on r demonstrates that nuclei less than r* will be dissolved^ while 
those bigger than r* will grow. Il follows from (3 5) that the value of r* decreases with a 

decrease in cr^ (i.e. supersaturation) and an increase in AG^ (i.e. supexcooUng). 

Nucleatlon rate, J, i.e. the number of nuclei formed in unit volume during unit 
time, can be expressed by means of the Arrhenius equation; 



where J, is the pre-exponential multiplier, and K is the Boltzmann constant. 



Using the Gibbs-Thomson correlation: 

I Co r " i^.-nr 



(3.8) 



whwe M is the molecular volume, we obtam: 

' * M (3.9) 



In equation (3.7), A// is the variation of the difference of chemical potential of the given 
system. Thus, from equation (3.6), critical variation of the free energy is: 



(3.10) 
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and from equation (3.7), the nucleation rate is: 



3-lC 



(.3.11) 



Equation (3.11) demonstrates that temperature, T, supersaturation coefficimtj Q and 
energy of interface, cr^ , determine the value of nucleation rate. 

By regrouping equation (3.11) and assuming J to be equal one nucleus, so that is 
zero, we will obtain 



By substituting the values of various paiameters, we can evaluate critical supersaturation 
required for spontaneous nucleation. Generally, supersaturation value of -4 is used in 
the process of growing. 

The nucleation rate substantially depends upon the availability of growth sites on the 
surface. Thus, surface steps, inclusions etc. constitute natural prepared sites that initiate the 
nucleation process. This process is also stimulated by the presence, in a crystallizer, of certain 
areas having locally increased supersaturation (e.g. close to the coolmg surface or on the hquid 
phase surface); by availability of cracks and slots in the crystallizer walls, as well as admixtures 
in the solution, since the presence of either an appropriate foreign body or a corresponding 
surface results in nucleation at lower values of supersaturation than those required for a 
spontaneous process. The total variation of the free energy, associated with the formation of 
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critical nuclei under conditions of heterogeneous nucleation,^G*^^^musi be lower than in case 
of homogeneous nucleationYA ^Ji i e,: 



(3.13) 



where the multiplier <I> is smaller than 1 . 

Now let us consider the process of origin of ihe crystalline phase out of the liquid one in 
tlie presence of a foreign solid phase (Fig.2). If a nucleus having radius r fonns a contact angle 9 
with a foreign soUd body, and if we designate to be the interface energy between the 
crystalline phase C and liquid L; <j^, to be the interface energy between the surface of a foreign 

solid body, S, and liquid; and a^, the interface energy between the crystalline phase and the 
foreign solid phase, then the following expression may be wi itten: 



(314) 



or 



(jOS & ^ — ^ 

^Cl (3.14*) 



Next, we have 



(3.15) 



Multiplier <I> may be expressed as 
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t * - . (3.16) 



Then, if 9 is 180", the fimction cosS is 1 , and equation (3. 13) will take the following form: 



A 6 fle^'A 6 ^oHt 



(3.17) 



When e is within the range of 0. . .180°, <I> is less than 1 , and hence 



With 9 equal to zero, <t> is also zero; then 



(3.18) 



Thus, with^vX^^ equal to zero, the energy of heterogeneous nucleation is the same as 

required for homogeneous nucleation. In this case, there is no affinity between the surface of a 
given crystalhne sohd body and a foreign solid body. In case of a partial affinity, when 6 is more 
than zero and less than 180^ nucleation is facilitated. With complete affinity (9 is equal to zero), 
no nuclei are formed in the solution. 

J* 

Since in case of heterogeneous nucleationA6|^/'is kss than or equal to AG , it can be 

easily seen [compare with equation (3,12)] that here nucleation takes place under lower values of 
supersaturation than those requiied for spontaneous nucleation [8]. 

As it follows from the above-disclosed crystallisation theory, the critical criterion in 
heterogeneous crystallisation comprises the function ^(Q) that characterises energy and 
structural properties of a foreign heterogeneous surface. With a maximum energy affinity, the 
gain, in work of critical nucleus fomxation is substantiaL 

In the discussed process, the growth of diamond crystals is carried out from the liquid 
phase (bitumen) that according to the latest data constitutes a microheterogeneous dispersed 



14 

liquid [9, 10, 1 1 1 Bitumens are characterised by a complicated coxtyposition that mainly consists 
of constituents such as asphaltenes, tars and tagh-molecular hydrocarbons (oils). These 
constituents govern essential properties of bitumens. Asphaltenes contained in bitumens are the 
highest-molecular hydrocarbons that include all of the metals contained in the crude oil (V^ Ni, 
Fe, Co, Mn etc.), and major portion of mtipgen, oxygen, and sulphur [11, P 8]. Asphaltene 
molecule generally consists of carbon atoms (80 to 85 %), and the ratio between carbon and 
hydrogen atoms (C;H) varies within 0.8 to 0,87, The contents of heteroatoms (metals, oxygen, 
nitrogen, sulphur) amount from 5 to 11-14 % [9, 16]. Asphaltenes are products of tar 
condensation. It has been found that these two constituents (i e. tars and asphaltenes) under 
certain conditions may transfer to one another. In bitumens, the tars are asphaltene placticizers 
and feature good solubility in oil hydrocarbons. Tais differ from asphaltenes in terms that they 
have a lower molecular mass (500-1200), while asphaltenes have an average molecular mass of 
900-6000 [9, p. 32]- In contrast to tars, asphaltenes are not melted when heated but rather 
decompose in the temperature interval of 175-240 ^C; maximum amount of asphaltenes in 
bitumens may reach 40 % [9], Amiong all the bitumen constituents, asphahenes are the highest- 
molecular; therefore, such a polydisperse solution as bitumen is considered as solution of PAV 
in hydrocarbons. 

In the course of classification of natural diamonds, ten varieties were discriminated [12] 
in comphance with thcii external characteristics. Analysis of these varieties demonstrates ttiar 
even within one variety it is impossible to find two identical crystals from the viewpoint of 
composition, structural defects, morphology, and various physicochemical characteristics. This 
is a critical practical information indicating that such a diversity of diamond crystals may be 
provided by the source of carbon material rather than by crystallisation conditions. At the same 
tixae, polycrystalline diamonds clearly indicate availability of a complicated source of carbon 
material in terms of its composition and stricture. In addition, if we refer to the information on 
admixtures in diamond crystals, we will find that these admixtures are identical to admixtures of 
heteroatoms in bitumens [9> 11, 14). 

uc/ 

It is necessary to mention such important parameter as //Jg^^^^i^ which amounts to 

90.9 for bitumens [13, p. 106], and for natural diamonds is within 89.55 to 9L55 (carbonado 
diamonds, variety X) [12, p, 34], 

It is known thai the isotope composition and the ratio between admixtures in kimberlite 
magma are different from those of diamond and bitumen. 

It is also known that the fmal product of theimal destruction of heavy oil raw material, 
tar J which is the starting material in bitumen production, is coke [11], The most important 
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constituents of tars and bitumens that transform to coke are resins and asphaltenes. The yield of 
coke produced from asphaltencs amouats to 57-75.5 % [14, p.51]j and with various tars, up to 31 
% [11, 14, p.51]. This yield however can be increased by increasing amounts of asphaltenes and 
tars in the raw materials [9, 1 1, 16]. 

In the process of thermal destruction of heavy oil residues and bitumens, complicated 
chemical reactions take place in the homogeneous phase with respect to the fmal product, coke. 
In this complicated process, disciimxnated are the most important reaction stages that are 
characterised as disintegration and condensation reactions. Reactions of disintegration of heavy 
oil raw materials (tars, bitumens) are accompanied by endothermal effects, and condensation 
reactions, by stiong exothermal effects, and by the end of the destruction process acquire the 
nature of chain reactions [8> p. 93-95]. Since these reactions proceed in the liquid phase, it wouJd 
be expedient to consider this process from the qualitative standpoint. In the process of 
condensation (compaction) of liquid hydrocarbons^ an important role is played by pressure. 

There e^cists a well-known ratio in chemical thermodynamics, according to which the 
equilibrium constant, K, of a chemical reaction depends not only on temperature but also on 
pressure, and at a constant temperature the partial derivative from the Gibbs energy by pressure 
is expressed by the following equation [15, 19]: 




(3 . 1 



9) 



where ^V is the variation of the Gibbs energy as a result of reactions of disintegration and 
compaction (condensation) of heavy hydrocarbons in a microheterogeneous solution (tar, 
bitumen); K is die cx^nstant of equilibrium reactions of the reactions under consideration; A 1/ is 
the variation of solution volume as a result of thermal destruction of heavy cmde oil. 

As it follows from the theory of absolute rates of reactions, the dependence of 
compaction rate (these are reactions under consideration that contain disintegration reactions as 
an integral mechanism) can be expressed as follows: 




(3.20) 
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In this ratio, value AV ' is the variation of an activation volume along the reaction progress i 
represents a motion over the energy surface. The variation of an activation volume, which 
reaction system is approaching, can be expressed by the ratio: 

AV' * )/ 1" Vo (3 21) 



where is the activation volume of a reaction solution of heavy hydrocarbons, and is the 

initial volume of this solution. As a result of condensation, in the activation volume there 
takes place an increase of both the quantity of asphaltenes and the molecular mass of asphaltenes 
[9, U, p.38-40], and in compliance with this motion the solution density increases due to the 
negative variation of A V ' . 

According to provisions of the modem theory, these variations are taken into account: 



(3.22) 



In this equation, is the variation of the amount of reacting molecules in the course of 

formation of an activated complex therefrom. This provision may be considered both as 
transition of tars to asphaltenes and variation of the molecular mass of asphaltenes* The second 

component of equation (3.22),aV^ , M^hich is less than zero, is the variation of solvent volume, 
that accompanies a transition to the activated complex [15, p.24-3]. 

If both values, A ^ J. ^4flKf^ > l^JSS than zero, and therefore AW is less than zero, 

condensation reactions will be substantially accelerated in case of pressure buildup in the 
system. By leading the reaction to its fmal pointy we will obtain the reaction product, coke. Now 
let US consider the heterogeneous reaction of dehydrogenation of heavy hydrocarbons (bitumen)^ 
whose final product is crystalline carbon, diamond. 

Under natural conditions, bitumen-containing rock is generally represented by dolomites, 
limestones, and sandstones [9, 16]. These types of containing rock serve as the catalysts during 
diamond crystallisation. 
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Adsorption of bitumen ingredients takes place on the sixrface of such rock which 
undergoes a number of substantial transformations [9; 11, p.561. Pores of these min«als aie 
penetrated by bitumen constituents having a relatively low molecular mass. On the contrary, 
hydrocarbons with a relatively high molecular mass, such as taxs and asphaltenes, are adsorbed 
on the external surfaces of bitumen-containing minerals. It has to be noted that the bitumen 
capacity of such rock is rather high, i.e. up to 50 % ftom the rock mass. Thus, the bitumen film 
that covers the external surfaces of the minerals under consideration generally consists of tars 
and asphaltenes, which constitute the most polar constituents of bitumen. 

Heating of such bitumen-ccntairing rock ^ap to 500-600 "C will result in the processes of 
dchydrogenation, disproportionation, and polycondensation [11, 14], whose products will 
include light steam-and-gas hydrocarbons and hydrogen. Hydrogen rcleasiag both in atomic and 
molecular forms will be soibed by bitumen-containing rock. Absorption of hydrogen proceeds in 
the form of chemisorption, i e, in the atomic form. Actually, experimental facts confm this 
provision on hydrogen chemisorption on the surfaces of minerals under consideration. Hydrogen 
has been found to feature substantial permeability in quaitr, e.g. at 500 K permeability ratio of 
hydrogen ie: 



(3.23) 



mole m/m s Pa, 



and hydiogen diffusivity is: 



(3 .24) 

at 750 K, these values correspondingly increase: 

*^ " ' (3.25) 



(3.26) 
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As can be seen from these experimental data on the hydrogen permeability of quartz, 
substantia) increase in the hydrogen permeability takes place during temperature rise. At the 
same time, permeability of hydrocarbon gases releasing in the process of dehydrogenation, e.g. 
methane in quartz at 750 Khas the following diffusivity value; 



(3.27) 



which IB eleven orders lower than with hydrogen [17, p. 119-120]. The data ou hydrogen 
chemisorption on oxides under conditions of hydrogenation demonstrate that adsorption of 
hydrocarbons (paraffins, olefins) is lower than hydrogen adsorption. Thus, at 500-700 ^C, 
hydrogen is chemisoibed by the catalyst and held in the reactor [17], Therefore, reaction of 
hydrogcnation is accompanied by chemisorption of hydrogen on the surfaces of bitumen- 
containing mmcrals under consideration, and results in the formation of a heterogeneous surface 
where the origin of diamond crystallisation centres is possible. 

Release of steam-and^gas hydrocarbons is accompanied by bitumen compaction and 
decrease of free energy. As it follows from the results of thermography carried out with the use 
of DTA method (differential thermographic analysis) [18, p. 351] for various grades of bitumen, 
several endothennjc effects and one exotheraia) effect can be distinguished during the heating 
process. Endothermic effects are characterised by softening, melting, gassing from the melt, and 
second melting with gassing. Exothennal effect takes place between melt gassing and second 
melting which is also accompanied by gassing. It is typical of exothermal effect tliat 
solidification and termination of gassing take place ^vithln this range of temperatures. This 
moment is very important moment in the process of thermal destruction of solid hydrocarbons. 
During this time, there occurs bitumen compaction accompanied by an increase of both the 
molecular mass and amount of asphaltenes [9; 11> p. 39]. An increase in the percentage of 
asphaltenes takes place due to the tar constituent of bitumen. The above-described exothermal 
effect relates to asphalts and asphaltites and is manifested in the same temperature range of 300 
to 400 "^C. The surface layer formed on particles of the minerals under consideration can be 
expressed schematically according to [19, p.234]: 



This scheme reflects the process of coke foimation, being a stage-by- stage process 
carried out in comphance with a homogeneous reaction. In case where the reaction proceeds 
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acceding to the heterogeneous mechanise, the result of such xeacton comprises oystallme 
carbon (diamond). Heterogeneous path of the reaction under con.rderation is charactensed by 
multilayer coating of mineral surfaces with ohenusorbed hydrogen. Such surfaces have 
qualitatively different parameters as compared to surfaces of nnnerals under consideration. Thus, 
in [20, p.83], surfaces of ZnO and TiO oxides have been investigated; surface charge on ZnO 
cr>'stals changes during chemisorption. 

It has to be noted that the density of surface states increases up to 10^' cm due to 
hydrogen donors. Such increase in the surface density of electrons results in the reduction of the 
work function [20, p.83], and emerging surface states are located within the forbidden band [17, 
p.lOO]. These nev^ly acquired surface properties during hydrogen chemisorption create a 
completely different surface. Adsorption accompanied by formation of purely covalent bonds is 

possible on such surface. 

The above-disclosed concept of diamond crystallisation has been proven experimentally. 
Used in the tests were catalysts such as sandstone, natural limestone, and mixtures of these 
minerals taken in various proportions. In addition, an experiment was canied out with asphalt 
concrete roadway covering that was removed after long-tenn (about 10 years) use. Prior to the 
experiment, removed roadway covering was gro'ond and placed, in amount of 70 g, inside a 
container. This reaction bituminous rock was covered with powdered zeolite whose purpose 
consisted in sealing vaporous hydrocarbons formed in the course of thermal destruction. 

The above tests resulted in production of rounded diamond crystals, both transparent and 
milk-white (Photo 1, 2). Thus, the authors managed to prove the above concept of diamond 
ciystaJlisatioa, which is implemented under natural conditions in kimberlite pipes. 

In heterogeneous crystalhsation of diamond from a high-temperature bitumen solution on 
catalysts consisting ftom the above natural minerals, very low yield of diamond crystals was 
observed (up to 1 % from mother liquor or 0.2 % from the bituminous rock weight). This was 
the maximum yield of crystals, recorded during experiments with this type of catalysts and 
bitumen that had not been subjected to heat treatment. 

Technical implementation of the above method of heterogeneous crystallisation from 
higb-temperature solutions of heavy hydrocarbons has demanded a search of better catalysts. 
Such search of the most effective catalysts, that does not cover tlie whole variety of existing 
materials, has aUowed more effective catalysts to be found. These catalysts turned to be fine- 
dispersed powders of iron and electrolytic nickel. Experiments carried out with the use of iron 
and electrolytic nickel powders taken in various proportions, have permitted to increase the yield 
of diamond crystals up to 60 % based on the initial raw material (bitumen). 
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Let us qualitatively consider the physical processes that take place during diamond 
crystallisation from solid hydrocarbons of bitumen type. Smce the tnost essential points during 
diamond crystallisation comprise hydrogen release from solution being crystallised and its 
interaction with the catalyst (Fe, Ni), they will require further consideration [21 , 22], 

'The process of penetration of hydrogen molecules through metals includes several 
activated stages: dissociative chemisorption, transition from adsorbed to absorbed condition 
(dissolution), and diffusion into the metal bulk. 

In gaseous phase, hydrogen atoms feature elevated, as compared to molecular hydrogen, 
potential energy (-2 eV) as a result of breakage of chemical bond in a hydrogen molecule ("4 
eV). This elevated potential energy is released during the moment of contact betv^'een the atom 
atid metallic surface (heat of chemisorpUon, Q, in the H-Fe system amounts to 133 kJ/mole, and 
in the H-Ni system, 125 kJ/moIe [22, 23], and mostly transforms to the oscillation energy of 
surface atoms of metal. For atomic hydrogen, the process of dissolution is always exothermal " 

Chemisorption of hydrogen may exert substantial influence on the variation of the work 
function , A<t), of metals. In some instants, in case of surface saturation with hydrogen, the 
variation of the work function may reach almost 1 eV; in majority of cases however the variation 
of A<j) does not exceed 04 eV; here, the sign of such variation can be either positive or negative 
[22, 25]. This is an important energy parameter of the surface since there exists the following 
relationship between the work function and surface energy [25]: 



(3.28; 




where ^ is the work function of an electron from the chemisorbed metal surface; N is the 
Avogadro number; a is the metal lattice parameter. 

Considering tiie interface formed on chemisorbed surface of metal, it can be seen that 
such interface consists of polycondensed film of bitumen that gradually transforms to the 
crystalline fomni of carbon, i.e. diamond. 

Hydrogen released from the bitumen solution that covers catalyst grains will be 
chemisorbed on the surface of catalytic metals. In the surface layer of catalyst metallic grains, 
botli chemisorption and absorption of hydrogen atoms take place. These processes result in the 
formation of a transition zone in the area of liquid bitumen where hydrogen concentration, Ch, 
vanishes, while from the side of catalyst metalHc surface, Ch tends to unit, i.e. when the surface 
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is completely covered with chemisorbed hydrogen. Thus, the n)otive force of the ciystallisation 
process emerges. 

"Numerous experimental data prove the direct relationship between surface (interphase) 
tension, a, and density shock at tbe interface. Thus, according to the Bachinski formula [26], 

(3.29) 



6(f> • f^l 



where A is a certain constant for the given pair of phases, a is tbe svirface tension. Thus, m the 
general case, alongside with the temperature shock at the phase boundary and its time 
derivatives, the raotive force of the process is also represented by the magnitude of interphase 
specijBic free energy [27]". 

In this way, the formed diffusion layer having a thickness of 6, consisting of 
polycondensed bitumen hydrocarbons and depleted in hydrogen, will be adsorbed to the 
chemisorbed hydrogen surface of the catalyst metal, Since the free energy of the bitumen 
solution can be only decreased in the process of thennal destruction, adsoiption of carbon 
constitutes an exothermal process. The heat released in chemisoiption of hydrogen, Qh, and the 
heat released in adsorption of caiboo, Qc, will be added up; 



(3.30) 



where Q» is the total heat of crystallisation reactionj which is the motive force of the 
ciystalUsation process, 

NoWj having disclosed the physical mechanism of diamond crystallisation, we can move 
to the kinetic description of the cry^stallisation process, presented in study [8, p.92]. 

"If the growth is strictly limited by the volume diffusion, the mass flow of solution 

from the solution volume having concentration of carbon is caused by the volume 
diffusion as well as by diffusion of the drift flow, and is described by the following expression: 

(3.31) 
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where;cisthcdistaaceiromthecrystal face, and is the solution density. 
Growth rate is; 

where is the density of diamond; Cand^ aie carbon concentrations in the solution (x> ) 

and on the crystal surface (x=0), respectively; / is the thickness of diffusion layer. 
Concentration is expressed as mass portion of carbon dissolved in the solution. 
According to equation (3.32), the diagram showing dependence of V on 



gives a line with a slope of 



{3.34} 



Therefore, if the value of J^^ is knovsTi, we can identify (the coelficient of mass 
transfer). 

(3.35) 



The coeffici«tit of mass transfer, jC^ can be obtained from the following ratio: 
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where /I/ . is the Sherwood number equal to: 



7) 



A/,. is the Reynolds number: 



or- w 



andA^^is the Schmidt nujnber: 



(3.36) 



(3.38) 



/l/rc= ^ 

3) (3.39) 



Here, constant B is assumed to be 2 for spheres, and for octahedrons. In equations 
demonstrating Re>iiolds, Schmidt, and Sherwood Dumbers, x is the dimension of a crystal; l/is 
the kinematic viscosity, and W is the relative speed between the crystal and volume. 

With low relative speeds or in case of still solutions, when the first term in the right-hand 
part of equation (3,36) is significant, wc obtain: 

V - 'g 'D 

^ 3^ (3.40) 
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With high relative, speeds, when the second tenn is significant (in case where stimng h 
carried out within the oiystallizer), we obtain: 



. (3.41) 



or in case where x is equal to 1, 



i 4 ..-I 



(3.42) 



In addition to mass transfer, the growth rate may be affected by heat evolution or 
absorption on the surface, caused by the growth itself (equation (3.30)). 
The non-dimensional parameter defined as. 



(3.43) 



takes into account simultaneous transfer of mass and heat. Here, ^ " is the variation of partial 

moke enthalpy during growtli, and T is the temperature of solution. 

With stationary flow of reaction, the rate of molecular (volume) diffusion becomes equal 
to the reaction rate irrespective of conditions of the given process^'. 

In fact, since the process of crystallisation proceeds within the limits of a moving 

boundary surface having a thickness of (, all the processes relate to this boundary surface. 
Hydrocarbon radicals, steam-gas constituents of thermal destruction of bitumen, and hydrogen 
both in atomic and molecular forms may diffuse from the surface into the solution volume. 

In the discussed heterogeneous mechanism of crystallisation, several stages may be 
distinguished. Stage one of the process compxises formation of chemisorbed surface of hydrogen 
on crystalhzer grains (Fe, Ni). Hydrogen chemisorption on metals can be theoretically described 
[21,22,23]. 
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"If an molecule is adsorbed dissociatively, in two steps, then the following process 
takes place: 



(3.44) 



and adsoiption rate is: f 



(3.45) 



Desorption rates are always proportional to the amount of adsorbed matter, 
therefore , for these rates the following expressions are valid; 



(3.46) 



From expressions (3.42) and (3.43)^ in case of equilibrium of adsorption and desorption rates, we 
obtain: 



a- 



0 



With Kfa tending to unit, the wh<^ surface of a catalyst will be coated with a multiatom 



layer of hydrogen, this layer being the only one where formation of critical nuclei of diamond is 
possible. At stage three, diffusion growth of diamond crystals takes place. 
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Th. *ov. »«hanisn, of diamo^ crys..l,.,a«on. in c„.»a,. to *e a«cnb«l .»alog 

w,e.. .d.o.pt,ou ^h»i™ wi«.ou. hydro,, d— n .s disclosed, ^^^^^ 
„s„Usinprac.,c.,,«pl— ntt.»eof, which fac.i,«o.edby*ea-ho«ofmc*~^ 

A. present. producUoo of sy..h«ic di»,ouds is c«i.d out with >h. us. of hydro.U«c 
c„„p.ctio» m«hcd, in ,he p,«»c. of metallic c.,-y«. (Fc, Ni. Mn. Co, and oU»r mcUU), The 
whole range of SD produced by this method i, ge,«.ally used fo, n>achinms vanous mateml 
with diamond toou. m ,uch induatr.ea as rad,oelec.tomca and optics, SD are no. used because o 
*eir poor ptopenies that do no. ootnply with the rcuircments of *ese a«as of tndustnal 

production. ^ 
The proposed invention pennits to achieve cot^plete compliance wxtli the industry- 
requirements to synthetic diamonds. Moreover, the proposed method of diamond crystallisation 
provides production of diamonds with predetermined properties, such results cannot be prov.ded 
to the industry by any of the known methods of diamond crystallisation, 

BRIEF DESCRIPTION OF FIGtJRES AND DRAWINGS 

1. Fig.l shows the diagram of dependence of free energy on the size of a critical nucleus in 
diamond crystallisation. 

2. Fig.2 demonstrates the vector diagram of surface forces in the process of diamond 
crystallisation. Here, designations of surface force vectors denoted asj^ ' correspond 

to designations taken in the text of description as^, ,^c$,^|' r^P"^*^^®^^' 

3. Fig,3 demonstrates the dependence of vanation of molecular weights of bitumen ingredients 
in the process of heating. Here, curve 1 corresponds to oils; curve 2. to silica resins; curve 3, to 
asphaltenes. 

4. Fig.4 shows crystals produced by crystallisation on oxides that conespond to natural 
crystallisation conditions. 

5. Fig.S shows spherical crystals produced on oxides that correspond to natural crystalUsation 
coaditions. 

6. Fig.6 demonstrates crystals produced with the use of metallic catalysts (powdered Fe and Ni). 

7. Figs 7 and 8 show filamentary ciystals produced with the use of metallic catalysts (powdered 
Fe and Ni). 
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Data Confirming Possibility of Impteraenting tbe Invention 



Experimental confirmation of the proposed invention was carried out with the use of the 
method of catalytic debydrogenation of solid petroleum products (SPP). Catalysts used in a 
series of expenments on diamond crystalUsation were finely dispersed metalhc powders of the 

following types: 

PZhK iron powder: 0.1 nuni 
PNBl nickel powder: 0.05 mm. 

Mechanical admixture of powders was prepared both in volume and weight ratios. 
Volume ratio corresponded to the following proportion: 60 vol.% powedered Fe; 40 vol% 
powdered Ni. Powders taken in such ratio were thoroughly mixed. Similar procedure was used 
for the weight raUo. No substantial technical differences between volumetric and weight 
methods were found in experiments. The catalyst prepared by bulk mixing in the above 
proportions was calcined in a muffle furnace for two hours at 500 "C. 

Solid hydrocarbon was grade BND bitumen. At fu-st, bitumen was heated for two hours 
at 410 *C. Selection of bitumen heat treatment temperature was not random; it was based on 
experimental data on coking of heavy lude oil [11, 14]. As indicated in Section 3, at such 
temperature there occur desb-uction of bitumen constituents and substantial increase in the 
amount of asphaltenes up to the maximum value (Fig.3). Qualitative monitoring of the amount 
of asphaltenes was carried out by the fluorescent method, with the use of MIN-8 microscope, 
The slide was coated with a film of bitumen that had passed heat treatment in a chloroform 
exhaust system. Selection of raw material was earned out ftom intensity of the fluoresc^ce that 
has white-blue colour of various intensity, depending on a bitumen batch and quality of heat 
treatment. Thus, the raw material that had been prepared and selected according to the maximum 
fluorescence was taken for experiments. Generally, after 2 hours of heat treatment of bitumen, 
its mass amounted to not more than 50-55 % from the initial value. 

The charge of heat treated bitumen in an amount of 100 g was placed into a cxjntainer 
that comprised a usual cylmder made of Ti, haviiig 80 mm ID and 10 mm wall thickness. A 
three-section, 750 W electric heater was placed on the external surface of this cylinder. 

The bitumen placed into the container was heated up to complete melting. The molten 
mass of bitumen was added with metal catalyst in the fonn of Ni and Fe metaUic powdeis taken 
in the above-mentioned volume ratio. The amount of a poured catalyst was 200 to 240 g, The 
catalyst was mechanically mixed with the molten bitumen till the state of homogeneity. On the 
top of this reaction mass, additional catalyst was poured in an. amount of 400 g to produce an 
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„ce»ive p,e.B^ wito «.e co„Uin« teacdon axea; * , tounc. of .0 nm. ftom *c cc„«in« 
:Z 4^ e was »o^^ *e ai« of recdtn, .h= »,.h. 

!;"2,»aon ^ .y n.- of a po— «. «s was me of .he P^a.a»ry P««=3. 
before starting diamond crystallisation. 

The thus prepared crystalUsat.o. contamer was com^ected to a voltage controller that was 
.edto controlthe heating of crystaUisation ma... Maximum heating 

550 Crystallisation of diamond took place at this preset temperature. The txme of reaction 
was limited to 4, 6, and 8 ho.rs, respectively. Optimal duration of ctystallisatiou, wh.ch 
appeared to be 6 hours, was identified experimentally. Additional holding a a preset temperature 
did not result in any substantial change of the final result. 

In the senes of experiments perfom^ed, the yield of diamond crystals amounted to 40-50 
0.0 from the w«ght of reaction bitumen. Absolute expression of this magnitude corresponded to 
40-50 grams of crude diamonds. This value of the yield of diamond crystals had a stable namre 
and was avmge in the pcrfonned tests. 

Extraction of diamond crystals after the test was carried out with the use of magnetic 
separation method that was preceded by the operation of mechamcal crushmg of the caked 
crystalUsation mass. Upon completion of magnetic separation, metallic catalyst was ag«n sieved 
and subjected to calcination at 550 oC in a muffle furnace. The time of calcination did not 
exceed 1.5 hours, upon which the container was cooled with the muffle furnace. After cooUng, 
the container was removed, and its contents was again subjected to mechanical crashing and 
magnetic separation. As a result of this operation, 10 to 15 g more diamond crystals were 
extracted. With such crystalUsation technology, the total amount of extracted diamonds was 50- 
65 g (Photo 3). 

The series of performed tests yielded more than 3000 carats of diamonds of various 
fractions (between 100 and 1000 jxm). It has to be noted that diamonds sizing less than 100 urn 
were not extracted. Maximum size of diamond crystals extracted during tests did not exceed 3.5 
mm. The production of diamond crystals with maximal dimensions was not contemplated as a 
goal during tests. 

With the aim of studies, resulting crystals were treated in a mixture of sulphuric and 
nitnc acide, using a standard commercial method, With such method of treatment, a loss of 
weight was observed in extracted crystals. The change of crystals weight reached the value of 15 
% from the mitial value. This fact is natural since extracted crystals were covered with a layer of 
graphite in the form of an ultradispersed powder. 

Density of diamond crystals was within the range from 3,35 g/cm' (milk-white variety, 
foam-like) to 3.54 g/cm' (transparent crystals). The refractive index measured by V.I. 
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Lodocbnikov method was 2.4. The authors did not have the opportunity to carry out more 

accurate measurements. 

Comparative studies of produced djiajnond crystals and natural crystals from Yakut 
deposits, carried out with the use of the fluorescent method, have not revealed any substantial 
difference. Fluorescence of both natural, and 3>iithenc crystals is generally white-blue during 
excitation with the light of DRSh-25U mercury lamp, passed through UFS-3 ultraviolet light 
filter. In so doing, we have also found spontaneous polarized luxninesoence that is typical only 
for natural crystals. In the studies of filamentary ctystals (Photo 4,5), luminescence is obsen^ed 
in all the filaments (white-blue luminescence). Individual filaments demonstrate particularly 
intense light^blue luminescence. Filamentary diamond crystals produced in the tests do not 
feature spontaneous polarized luminescence; at least, we could not find this kind, of 
luminescence. The length of a filament extracted from a chaotic interlacing exceeded 1 m, 
Average diameter of filaments was 35 |xm. 

Studies of the crystals in polarized Ught (crossed ni^cols) revealed inclusions of the 
"diamond-in-diamond" type. Here, extinction of the parent crystal is accompanied by the 
clearing-up of the inclusion crystal. Studies carried out both fluorescent and polarization 
methods have not revealed any differences from natural diamond crystals, ^riiese experimental 
data clearly prove finding of both crystallisation conditions and the parent source of carbon 
material, i .e. motlier liquor of carbon- 

The above-described process of diamond crystaUxsation pennits to arrange, without any 
substantial expenses, a production that would completely satisfy the demand of all industiies for 
this unique material From standpoint of technology, embodiment of the disclosed method of 
diamond crystallisation can be carried out through the use of various methods. For example, it is 
possible to use the method of direct static compaction with the application of catalysts that 
actively absorb hydrogen by way of chemisorption. This method may be used to produce 
diamond crystals with predetermined properties, which fact is of substantial importance for 
various diamond-using sectors of industry. Considering all the above disclosed, the existing 
industry of diamond synthesis with all its high-pressure and high-temperature chambers used to 
caiT>' out production stages become uruiecessary. Elimination of these production stages and 
substitution of the above eqidpment for regulai' moulds will result in substantial reduction of 
costs required to produce diamonds pertaining to natural groups in accordance with the existing 
classification. 
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